Clathrin-dependent endocytosis begins when adaptor and clathrin complexes associate with cognate cargo, thus initiating the formation of a coated pit. As the pit matures, additional adaptor and scaffold proteins join the pit, providing a structural platform that helps regulate and synchronize interactions between the adaptors and the other endocytic proteins. Increasing membrane deformation attributed to BAR-domaincontaining proteins (such as the muniscins) as well as from forces generated by polymerization of cytoskeletal elements, eventually leads to vesicle scission, which liberates a clathrin-coated vesicle into the cytoplasm (Maldonado-Baez and Wendland, 2006) . Examples of different cargos are given in different colors. Blue and purple cargos contain sorting motifs that bind to clathrin-associated adaptors. This type of cargo can therefore be incorporated into the forming CCP. Yellow cargo, by contrast, is internalized through an alternative clathrin-independent pathway that might involve a select subset of CLASP adaptors. (Jackson et al., 2010; Owen et al., 2004 ) Epsin1, epsin2 + + + + CLASP (Chen et al., 1998; Itoh et al., 2001; Overstreet et al., 2004 ) ARH, NUMB, DAB2 + + + + CLASP (Gallagher et al., 2004; Keyel et al., 2006; Mishra et al., 2002a; Mishra et al., 2002b ) b-arrestin + + + + CLASP (Gurevich and Gurevich, 2006 ) AP180/CALM + + + CLASP (Ford et al., 2001 ) Stonin2 + + CLASP (Martina et al., 2001; Walther et al., 2004 ) Eps15 + + CLASP (Benmerah et al., 1996) FCHO1, FCHO2 + + Muniscin (Henne et al., 2010; Henne et al., 2007; Reider et al., 2009) Yeast adaptors proteins AP-2 x Heterotetramer (Carroll et al., 2009 ) Ent1, Ent2 + + + + CLASP (Aguilar et al., 2003; Dores et al., 2010; Shih et al., 2002; Wendland et al., 1999 ) Yap1801, Yap1802 + x + + CLASP (Burston et al., 2009; Wendland and Emr, 1998 ) Sla1 + + + CLASP (Di Pietro et al., 2010; Howard et al., 2002; Piao et al., 2007; Tang et al., 2000; Warren et al., 2002 ) Ede1 + + CLASP (Aguilar et al., 2003; Dores et al., 2010; Howard et al., 2002; Reider et al., 2009; Shih et al., 2002 ) Syp1 + + + Muniscin + indicates adaptors proteins with known binding partners; the adaptor type is also given.
x indicates the existence of a cargo partner, although no direct binding has yet been established.
domain. These two noncanonical clathrin-binding motifs DLF and DLL (Morgan et al., 2000) , and ten additional, similar sequences are evenly dispersed throughout the C-terminal region of AP180. Interestingly, these binding motifs form a b-turn-like structure both in solution and when bound to substrate. These observations suggest that weak binding by many prestructured b-turn-like clathrinbinding regions allows for efficient recruitment of clathrin to endocytic sites.
In an assembled clathrin coat, three terminal domains are positioned under each vertex of the clathrin coat (Kirchhausen, 2000) . In turn, many clathrin-binding proteins are known to contain two or more clathrin-binding motifs within disordered regions. Thus, it has been postulated that many clathrin-binding proteins recruit clathrin through a series of multivalent interactions, with terminal domains present at coat vertices. All structural information to date indicates that clathrin-binding motifs adopt a b-turn-like, or kinked, structure when bound to clathrin (Miele et al., 2004; ter Haar et al., 2000; Zhuo et al., 2010) . The new data from the Lafer group indicates that these regions are prestructured in solution, allowing for faster association rates. This leads to the interesting idea that, rather than the precise sequence, it is instead the structure that better predicts clathrin-binding motifs. Clathrin-binding regions may only require a stretch of surface exposed acidic and bulky hydrophobic residues in a b-turn-like structure, making clathrinbinding motifs harder to predict than originally envisioned. Consequently, there might be additional proteins that possess unrecognized clathrin-binding regions.
Lipid, cargo and accessory protein binding
In addition to clathrin-binding motifs, endocytic adaptors are comprised of an array of discretely folded domains and unstructured regions that contain a multitude of ligands and/or ligand-binding regions (Fig. 3) . This architecture provides the adaptors with the ability to simultaneously bind numerous partners, allowing for efficient internalization of cargo. The remarkable variation among plasma membrane cargo demands adaptors with diversity in their motifs and domains, and has led to the evolution of many families of adaptor proteins with various regions that bind to lipid, cargo and accessory proteins (Maldonado-Baez and Wendland, 2006) .
Classic heterotetrameric AP adaptors
AP-2 is the most abundant non-clathrin component of endocytic vesicles purified from brain and is, consequently, the longeststudied and best-understood adaptor (Boehm and Bonifacino, 2001; Keen et al., 1979) . The AP-2 complex consists of two large subunits (a, b2), one medium subunit (m2) and one small subunit (s2). The large subunits can be subdivided into a trunk domain (70-75 kDa) and an appendage domain (~30 kDa), which are connected by an extended, proteolytically sensitive, flexible linker (Kirchhausen et al., 1989; Zaremba and Keen, 1985) . The large subunit trunk domains plus the entirety of the medium and small subunits comprise the biochemically stable AP-2 'core' domain. (Owen et al., 1999; Traub et al., 1999) . The s2 subunit stabilizes the complex and binds to the cargo motif (Doray et al., 2007; Kelly et al., 2008) and the m2 subunit contains wellcharacterized lipid-binding and cargo-binding motifs (sorting YxxF containing cargo) .
AP-2 is recruited to the plasma membrane when basic residues within a structured lipid-binding pocket on the a-subunit interact with the head group of the lipid phosphatidylinositol-(4,5)-bisphosphate (PtdIns(4,5)P 2 ), which is enriched in the plasma membrane (Collins et al., 2002; Gaidarov et al., 1996; Rohde et al., 2002) . Subsequently, cargo-binding motifs within the adaptors select subsets of plasma membrane proteins to be internalized by binding to sorting signals in the cytoplasmic tails of membrane cargo proteins (Ohno et al., 1995; Owen and Evans, 1998) .
The phosphorylation of T156 in the m2 domain regulates the affinity of AP-2 for cargo at the plasma membrane (Olusanya et al., 2001 ). This phosphorylation is mediated by AP-2-associated kinase 1 (AAK1) Ricotta et al., 2002) that is homologous to the yeast endocytic kinases Ark1 and Prk1 (Smythe and Ayscough, 2003) . In the unphosphorylated state, AP-2 binds plasma membrane lipids and cargo with low affinity. However, following phosphorylation, AP-2 shows an ~100-fold improvement in membrane and cargo binding (Fingerhut et al., 2001) . When the crystal structure of the core AP-2 complex was first solved, it showed a closed or 'locked' conformation, in which the m2-binding sites for cargos are blocked by residues from the b2 trunk, and also an incorrect orientation of the m2 lipid-binding site to a face of the core that cannot interact with the membrane.
This observation led to the proposal that the improved affinity for membranes and cargo occurs through a phosphorylation-induced conformational change in the m2 domain that makes both the cargo-binding and lipid-binding sites more accessible and 'open' to their ligands (Collins et al., 2002) . A recent study has now elucidated the mechanism for the AP-2 conversion from its locked low-affinity state to its more-open, high-affinity conformation (Jackson et al., 2010) . Using crystallography, it was shown that preincubation of the AP-2 core with a large excess of YxxF peptide causes the m2 subunit to undergo a large conformational change, resulting in relocation of this subunit to a perpendicular face of the complex. Additionally, movement of the b2 subunit 'unlatches' the complex, exposing the cargo-binding sites of both the m2 and s2 subunits. These rearrangements result in the four PtdIns(4,5)P 2 -binding sites of AP-2 (two of which were newly identified in the study by Jackson and colleagues) and two cargo-binding sites becoming co-planar, which allows simultaneous multivalent interactions with membranes and cargo. Interestingly, this rearrangement did not require phosphorylation of T156, but was consistent with the phosphorylation that stabilizes the open conformation, resulting in apparent tighter binding to cargo-filled membranes. Like its mammalian counterpart, the Saccharomyces cerevisiae AP-2 complex localizes to endocytic pits and possesses similar dynamics to other proteins that arrive early at nascent endocytic sites (Carroll et al., 2009; Kaksonen et al., 2005) . However, contrary to mammalian AP-2, the S. cerevisiae b2 subunit does not bind clathrin, and until recently had no assigned function in the endocytic process (Yeung et al., 1999) .
A new study indicates that the S. cerevisiae AP-2 complex has a crucial role in endocytosis and toxicity of the yeast K28 killer toxin (Carroll et al., 2009) . Mutants in any of the four AP-2 subunits are unable to internalize the K28 toxin, but still internalize other cargos such as a-factor, suggesting a cargo-specific effect on the endocytosis of K28 toxin. The receptor for K28 toxin internalization and its potential AP-2-binding motif remain elusive. Identifying the receptor will be crucial to uncovering a sorting signal recognized by the yeast AP-2 complex and may lead to identification of other cargo that rely on AP-2 for endocytosis in yeast.
Non-classic and CLASP adaptor proteins
In addition to the tetrameric AP-2 complex, all eukaryotes also contain a plethora of other adaptors that participate in clathrinmediated endocytosis. These CLASP adaptors are mono-or dimeric and vary in structure and binding properties. Most of them contain regions that interact with each of the four types of binding partner; however, there are some exceptions that are presently known to bind cargo, clathrin or lipids.
Ubiquitin-binding adaptors
Monoubiquitin or short chains of ubiquitin covalently bound to lysine residues (K63-linked ubiquitin) in transmembrane receptors, can signal the internalization of cargo through the endocytic pathway (Galan and Haguenauer-Tsapis, 1997; Haglund et al., 2003; Shih et al., 2000; Terrell et al., 1998) . Mounting evidence suggests that short chains of ubiquitin are needed for the internalization of receptors in higher eukaryotes, because a singleubiquitin moiety is insufficient to elicit efficient internalization of many receptors (Duncan et al., 2006; Hawryluk et al., 2006) .
Ubiquitin-binding adaptor proteins use one of two small regions -the ubiquitin-interacting motif (UIM) or the ubiquitin-associated domain (UBA) -to bind ubiquitin (Hofmann and Falquet, 2001; Polo et al., 2002; Traub and Lukacs, 2007) . In mammals and flies, epsin 1, epsin 2 (EPN1, EPN2) and the epidermal growth factor receptor pathway substrate 15 (EPS15), bind and traffic ubiquitylated cargo (Itoh et al., 2001; Overstreet et al., 2004) . The molecular architecture of epsins 1 and 2 is similar: both contain an N-terminal epsin N-terminal homology (ENTH) domain followed by two UIMs and an unstructured region containing motifs for clathrin-binding, accessory-protein-binding and AP-2-binding. The ENTH domain binds to PtdIns(4,5)P 2 (Chen et al., 1998; Itoh et al., 2001 ) and promotes membrane curvature (Ford et al., 2002) . Additionally, epsin 1 and epsin 2 each contain numerous Dx[F/W] motifs for AP-2-binding, and EPS15 homology (EH) domainbinding Asp-Pro-Phe (NPF) motifs that are crucial for correct localization and endocytic progression (Benmerah et al., 1996; Chen et al., 1998; Maldonado-Báez et al., 2008) .
Ubiquitylation is one of the principal internalization signals in S. cerevisiae. The yeast epsins Ent1 and Ent2, as well as the yeast EPS15-like protein Ede1 use ubiquitin-binding regions to promote rapid endocytosis (Dores et al., 2010; Shih et al., 2002) . Surprisingly, cells that lack all three ubiquitin-binding adaptors can still internalize the ubiquitylated receptor Ste2, indicating the existence of additional, unknown ubiquitin-binding adaptors (Dores et al., 2010) . The yeast adaptor Sla1 might be one protein having this role, because its SH3 domain binds ubiquitin (Stamenova et al., 2007) and it arrives at endocytic sites together with the ubiquitin-binding adaptors Ent1 and Ent2 (Toret et al., 2008) .
Cargo-specific adaptors
Some CLASPs act as cargo-specific adaptors that recognize a single transmembrane receptor or a small family of receptors. Numb, LDLRAP1 (also known as and, hereafter, referred to as ARH) and DAB2 all contain an N-terminal phosphotyrosine binding (PTB) domain that preferentially binds to nonphosphorylated tyrosines within [F/Y]xNPxY cargo-sorting motifs (Uhlik et al., 2005) , followed by several hundred amino acids predicted to lack a defined secondary structure. ARH and DAB2 cargo recognition sites are essential for clathrin-dependent internalization of megalin and members of the low-density lipoprotein receptor (LDLR) family (Gallagher et al., 2004; Keyel et al., 2006; Mishra et al., 2002a) . In addition, the PTB domain also contains a basic PtdIns(4,5)P 2 -binding site opposite to the peptide groove of the cargo-sorting motif; therefore, two ligands can simultaneously bind the domain in a manner that is mechanistically analogous to the arrangement of the AP-2 m-subunit. The large unstructured region, which is essential for LDLR uptake, contains motifs for binding to clathrin and AP-2 (Mishra et al., 2002a; Mishra et al., 2002b; Zhou et al., 2003) . It will be interesting to learn whether other physiologically important receptor families have dedicated adaptors, and to explore the potential co-evolution of these cognate receptor-adaptor pairs.
Lipid-binding adaptors that lack cargo selectivity
Whereas some adaptors only recognize one receptor family, it appears that other adaptors do not recognize cargo at all. Although neuronal AP180 and its ubiquitous counterpart CALM (officially known as PICALM) are referred to as adaptor proteins, so far there is no evidence to suggest that they directly bind to cargo. Therefore, it seems that the sole purpose of these proteins is to link clathrin to membrane phospholipids. Varying forms of AP180 and/or CALM are expressed from yeast to mammals, and all possess an AP180 N-terminal homology (ANTH) domain (which is structurally similar to the ENTH domain) that binds PtdIns(4,5)P 2 (Norris et al., 1995; Ye and Lafer, 1995) . This structured domain is followed by a long unstructured region that contains NPF motifs, a series of DLL and DLF variant clathrin-binding motifs and, in non-yeast species, Dx[F/W] AP-2-binding motifs (Morgan et al., 2000; Zhuo et al., 2010) .
Interestingly, deletion of the AP180 homologs in yeast (Yap1801 and Yap1802), results in defects in the uptake of the v-SNARE Snc1 (Burston et al., 2009) . Studies in other eukaryotes also support a requirement for AP180 and its homologs in the internalization of the v-SNARE VAMP (also known as synaptobrevin) (Bao et al., 2005; Dittman and Kaplan, 2006; Harel et al., 2008) , suggesting a cargo-specific role for these proteins. However, to date, no direct physical interaction has been demonstrated between v-SNAREs and AP180s. Therefore, although in vivo experiments with AP180 proteins indicate a cargo-specific role in v-SNARE internalization -they might not themselves bind the transmembrane cargo. AP180 proteins might instead associate with an undetermined accessory protein or with other adaptor proteins that bind cargo directly. In the internalization of the yeast pheromone receptor Ste3, the yeast AP180 homologs also share a redundant role with epsins, implicating a role of AP180 in trafficking other non-SNARE cargos (Maldonado-Báez et al., 2008) .
Cargo-binding adaptors that lack lipid-and clathrinbinding selectivity
There are a few proteins that have been classified as adaptor proteins on the basis of their ability to bind cargo but that do not contain any known clathrin or lipid-binding motifs. These proteins include EPS15 (Ede1 in yeast) that selects ubiquitylated cargo, and stonins that bind to and sort synaptotagmin family cargos.
Stonins are conserved from Caenorhabditis elegans to humans but are not found in prokaryotes or yeast (Maritzen et al., 2010) . The N-terminal domain of stonins, which binds AP-2 (Walther et al., 2004) , is followed by a conserved region of unknown function (the stonin homology domain) that is exclusively found in stonins. The C-terminus contains a m-homology domain (mHD) that is homologous to the cargo-binding C-terminus of the m2 subunit of AP-2 and essential for selecting synaptotagmin cargo. Stonin 2 (STON2), the best-studied stonin, also contains two NPF motifs that serve as potential binding partners for EH-domain proteins, such as EPS15 and intersectin (Martina et al., 2001 ).
The arrestin adaptor family
Arrestins are adaptor proteins that are crucial in trafficking nutrient and signaling receptors (Lefkowitz and Shenoy, 2005; Ma and Pei, 2007) . They regulate the inactivation, internalization, and signaling of transmembrane G-protein-coupled receptors (GPCRs) (Gurevich and Gurevich, 2006) . On the basis of phylogenetic and structural analyses, the arrestin family of proteins can be divided into two sub-classes: ancient a-arrestins and, more recently evolved, b-arrestins (Alvarez, 2008) . aarrestins were predicted to possess similar structures to those solved for the b sub-class of arrestins, with one important difference: b-arrestins contain tail domains with conserved clathrin-interacting motifs, whereas a-arrestins contain tail domains with PxY motifs, which bind WW motifs that are present in ubiquitin ligases (Mittal and McMahon, 2009) .
Theb-arrestins help control the strength and duration of GPCR signaling by binding to phosphorylated GPCRs and attenuating signaling by blocking receptor interactions with cognate G-proteins (Lohse et al., 1990) . Moreover, b-arrestins promote receptor endocytosis through association with other endocytic proteins (Goodman et al., 1996; Laporte et al., 2000) . Upon binding a GPCR, b-arrestin undergoes a conformational change, thereby exposing a C-terminal region that contains motifs for AP-2 and clathrin binding; this, in turn, allows for efficient clathrin-mediated endocytosis of the receptor to take place (Edeling et al., 2006; Gurevich and Gurevich, 2003) .
Although b-arrestins are well-studied, until recently, very little was known about the functions of a-arrestins. There are six known a-arrestins in mammals: thioredoxin interacting protein (TXNIP) and the five arrestin-domain-containing proteins Arrdc1 to Arrdc5 (Alvarez, 2008) , and twelve in S. cerevisiae -the arrestin-related trafficking adaptor proteins Art1 to Art10, and the arrestin proteins Bul1 and Bul2 (Lin et al., 2008; Nikko and Pelham, 2009; O'Donnell et al., 2010) . Yeast and mammalian a-arrestins share a conserved structural arrangement: an N-terminal arrestin domain followed by a C-terminal tail that contains multiple PxY motifs. In yeast, which do not possess the more recently evolved b-arrestins, the ART proteins have been shown to function as ubiquitin-ligase adaptors, linking the E3 ubiquitin ligase Rsp5 to the tails of transmembrane receptors (Herrador et al., 2010; Lin et al., 2008; Liu et al., 2007) . The PxY motifs in ART proteins interact with WW domains in Rsp5, allowing for subsequent ubiquitylation of the target receptor and initiation of receptor endocytosis. ART proteins directly downregulate specific nutrient transporters, thereby providing cargo-specific regulation following appropriate stimulation. Addition of PxY motifs to the tail of the receptor arginine permease Can1 is sufficient for its internalization, bypassing the need for Art1. Thus, ART proteins are not needed for interactions with other endocytic proteins, which indicates that they function only as ubiquitin adaptors and not as true endocytic adaptors that link cargo to clathrin. Recent data suggest that Bul1 and Bul2 are functionally redundant with some of the ART proteins, acting as ubiquitin-ligase adaptors at the plasma membrane (Liu et al., 2007; Nikko and Pelham, 2009; Risinger and Kaiser, 2008) .
Although some of the mammalian a-arrestins have also been implicated in regulation of nutrient uptake (e.g. the uptake of glucose), other studies indicate that their PxY motifs are dispensable in the regulation of glucose uptake. This suggests that mammalian a-arrestins do not all share a conserved function as ubiquitinligase adaptors (Patwari et al., 2009; Patwari et al., 2006) . However, recent reports have implicated mammalian a-arrestins in integrin trafficking (Draheim et al., 2010) .
Not all a-arrestins localize to the plasma membrane -some members of this family carry out functions on intracellular membranes. For example, Art6 and Art3 (also known as Aly1 and Aly2, respectively) control intracellular sorting of the amino acid permease Gap1 from endosomes to the Golgi complex (O'Donnell et al., 2010) . Interestingly, Aly1 and Aly2 associate with the clathrin heavy chain and directly bind a subunit of the yeast adaptor complex AP-1. However, so far there is no evidence to suggest that plasma membrane a-arrestins harbor similar interactions with clathrin and other adaptor proteins.
Sla1 -an adaptor protein in yeast
The yeast protein Sla1 has no obvious homolog in mammalian cells, but has been compared with intersectin and CIN85 (also known as SH3KBP1) (Stamenova et al., 2004; Yu and Cai, 2004) . Sla1 possesses many features of an endocytic clathrin adaptor: it has cortical patch dynamics similar to those of the yeast adaptor proteins Yap1801, Yap1802, Ent1 and Ent2, and binds to many endocytic accessory proteins (Gourlay et al., 2003; Kaksonen et al., 2003; Warren et al., 2002) . Sla1 is required for clathrindependent internalization of certain transmembrane cargos by directly binding to NPFxD sorting-motifs that are present in their cytosolic tails (Howard et al., 2002; Piao et al., 2007) . More recently, Sla1 was found to directly bind to clathrin through a LLDLQ variant clathrin box (Di Pietro et al., 2010) , thereby confirming its role as a bona fide clathrin adaptor. Interestingly, the Sla1 clathrin-binding motif is negatively regulated by another domain in Sla1 termed the Sla1-homology domain 2 (SHD2) -suggesting an intriguing mode to control Sla1 adaptor activities. The structure of SHD2 revealed a sterile a-motif (SAM) domain fold that was previously unknown to have a role in endocytosis (Di Pietro et al., 2010) . This leads to the possibility that other proteins with folds similar to that of the SAM domain will be found to exert autoregulatory effects.
The muniscin family of endocytic adaptors
Muniscins are the latest addition to the growing list of endocytic adaptor proteins. This newly discovered family of proteins is conserved from yeast (Syp1) to humans (FCHO1, FCHO2, SGIP) and was identified through homology comparison of Syp1 domains with domains within the m-subunits of the AP complexes ). Interestingly, with the exception of SGIP, these proteins also contain an N-terminally positioned F-BAR domain that binds to and tubulates membranes, a process that is important for the deformation of the plasma membrane into a clathrin-coated vesicle (Henne et al., 2007; Reider et al., 2009) .
Studies in yeast have revealed that Syp1 is one of the earliest proteins recruited to the endocytic pit and that it directly binds the scaffold protein Ede1, which may stabilize coat formation Stimpson et al., 2009) . The Syp1 mHD also binds directly to and traffics the transmembrane cargo protein Mid2, which makes Syp1 one the first BAR-domain-containing proteins known to bind cargo. The unstructured middle linker region of Syp1 was also shown to be important in the regulation of actin polymerization through inhibition of Las17 (the yeast ortholog of mammalian WASP) (Boettner et al., 2009) .
On the basis of these data, a model has been proposed, in which early-arriving Syp1 induces membrane curvature and clusters cargo in endocytic pits while, at same time, also interacting with the scaffold protein Ede1 in order to allow maturation of the pit and inhibit premature actin polymerization. Syp1 dissociates from the pit before invagination of the vesicle, thereby alleviating the inhibition of Las17 and allowing for a burst in actin polymerization to take place, which in turn promotes vesicle invagination and scission.
Consistent with findings in yeast, the mammalian counterparts of Syp1 -FCHO1 and FCHO2 -were found to bind to the plasma membrane and to directly recruit the scaffold proteins EPS15 (Ede1 in yeast) and intersectin (Pan1 in yeast) (Henne et al., 2010; Reider et al., 2009) . These proteins are then joined by AP-2, clathrin and the rest of the endocytic machinery to complete the formation of a coated vesicle. A substantial reduction of FCHO1 and FCHO2 results in the complete loss of CCP formation, which can be rescued by reintroduction of FCHO2 (Henne et al., 2010) . This information led the authors to suggest that FCHO1 and FCHO2 are nucleators of CCPs in mammalian cells. However, loss of Syp1 does not alter the initiation or progression of endocytic vesicle formation in yeast, suggesting that other proteins have an -albeit redundant -role in vivo or that the mammalian proteins have evolved an additional function. It remains to be tested whether mammalian muniscins share similarly conserved cargobinding and actin regulatory functions with the yeast homolog Syp1.
It is also yet to be determined whether muniscins bind to clathrin. Syp1 and its mammalian homologs contain no canonical or variant clathrin-binding motifs. However, our recent analysis suggests that Syp1 contains several conserved surface-exposed acidic and bulky hydrophobic amino acid clusters in regions of b-turn-like structures within its mHD, and these may represent unrecognized clathrinbinding motifs (A.R. and B.W., unpublished data).
Adaptors in clathrin-independent pathways
In addition to clathrin-mediated endocytosis, several other types of endocytosis exist, including caveolin-mediated internalization and a variety of other non-clathrin based routes (Hansen and Nichols, 2009 ). Many of the endocytic adaptor proteins described either do not bind clathrin or might contain unrecognized clathrin-binding motifs (e.g. muniscins, stonin and EPS15 in mammals, and Ede1 and AP-2 in yeast). This leads to many interesting questions. Why, for example, have some adaptor proteins evolved the ability to bind clathrin, whereas others have not? Do adaptor proteins participate in non-clathrin mediated endocytosis? Can one adaptor protein function in both clathrin-dependent and clathrin-independent internalization?
Perhaps some of the answers lie in the need for flexibility of cargo internalization owing to the ever-changing cellular environment. Environmental conditions and cellular needs can change quickly; consequently, the cell must demonstrate plasticity in cargo internalization to allow for rapid changes in nutrient uptake and cell signaling. This not only avoids competition between distinct cargos, but also allows precise fine-tuning of the cellular physiology. We know that this flexibility is, at least in part, attained through the use of diverse sorting signals and adaptors to sense these signals. Additionally, this adaptability could be acquired by cargo and/or adaptor pairs that are internalized through distinct endocytic pathways, depending on the stimulation level and/or by having adaptor proteins that function in multiple types of internalization. There is evidence to suggest that both types of regulation help govern the process of endocytosis.
One receptor, many internalization routes
Previous studies have suggested that one receptor can be internalized through different routes depending on nutrient or ligand availability. When epidermal growth factor (EGF) receptor is stimulated with EGF at a low concentration, the receptor is endocytosed in a clathrin-dependent manner and recycled back to the cell surface. By contrast, at high concentrations of EGF, the clathrin-dependent pathway becomes saturated and a substantial amount of the receptor is ubiquitylated, internalized and degraded through a clathrin-independent route (Sigismund et al., 2008; Sigismund et al., 2005; Yamazaki et al., 2002) . Surprisingly, the clathrin adaptors EPS15 and epsin are necessary for this clathrinindependent internalization of ubiquitylated EGF receptor, providing evidence that some adaptors function in both clathrindependent and clathrin-independent internalization (see below).
It has also been reported that, at extremely high concentrations of EGF, the receptor can be internalized in a clathrin-dependent manner (Kazazic et al., 2006) . A similar pattern has been observed for other receptors, such as transforming growth factor-b (TGF-b) receptor (Di Guglielmo et al., 2003) , supporting the idea that differential sorting of receptors between different endocytic pathways is a common phenomenon.
One adaptor, many internalization routes
Recent evidence indicates that -in addition to EPS15 and epsin -DAB1, a neuron-specific protein similar to DAB2, is an adaptor that functions in both clathrin-dependent and clathrin-independent sorting events. The PTB domain within DAB1 binds with high affinity to FxNPxY-sorting-signals that are present in both amyloid precursor proteins and in LDL receptors (Homayouni et al., 1999; Howell et al., 1999; Trommsdorff et al., 1998) . These transmembrane proteins are known to be internalized through clathrin-mediated endocytosis, thereby linking DAB1 to clathrindependent cargo sorting (Chen et al., 1990; Cirrito et al., 2008) .
However, a new report also implicates DAB1 in the caveolindependent internalization of albumin in astrocytes (Bento-Abreu et al., 2009) . Albumin is internalized through the transmembrane receptor megalin, which contains two FxNPxY-sorting-signals in its cytoplasmic tail (Bento-Abreu et al., 2008) . DAB1 has been observed in an immunocomplex with megalin and caveolin-1, and knockdown of Dab1 leads to a proportional reduction in albumin uptake. This internalization process is dependent on caveolin and DAB1 but not clathrin. These observations link DAB1 to clathrinindependent sorting events (Bento-Abreu et al., 2009) .
If one adaptor can, indeed, function in both clathrin-dependent and clathrin-independent internalization, it will be exciting to investigate the mechanism(s) that determine when one endocytic pathway is preferred to another.
Concluding remarks
In this Commentary we have revisited the definition of a clathrin adaptor and examined the features of some of these proteins. One of the fundamental functions of adaptor proteins is the ability to select transmembrane cargo. We have described several proteins that are unable to bind clathrin but still have important roles in clathrin-dependent endocytosis. In addition to the bona fide clathrin adaptors we, therefore, propose to include these proteins in the group of clathrin adaptors.
In recent years, the knowledge of the roles for adaptor proteins in clathrin-dependent endocytic pathways has been substantially enhanced and several new adaptors have been identified. Future research will undoubtedly discover and confirm the existence of even more adaptor proteins -such as that of the putative adaptor RALT/MIG6 (Goh et al., 2010) -and may also uncover new binding partners for known adaptors. Despite the fact that, regarding the mechanisms of clathrin-dependent endocytosis, many questions are still unanswered, the emphasis on clathrin-independent pathways is likely to grow in the future. Some of the research will presumably involve proteins that select transmembrane cargo for internalization through these clathrin-independent routes. It seems reasonable to include these non-clathrin-associated cargo-selecting proteins in the 'adaptor' group, especially if they bind to a type of coat protein that mediates the formation of clathrin-independent carriers. We predict this will be an exciting frontier for future research on endocytic mechanisms.
Finally, it is intriguing to speculate that some clathrin adaptors have a second role in selecting cargo for clathrin-independent pathways, as suggested by the interesting observations about Dab1, EPS15 and epsin. Perhaps other proteins will turn out to have similar multifunctionality. It is, therefore, important to keep an open mind regarding the functions of adaptors, because they may be among the most adaptable of proteins.
